This is the first study to catalogue the diverse array of in vivo motility patterns in a 26 teleost fish and how they are affected by feeding. Video recordings of exteriorised 27 proximal intestine from fasted and fed shorthorn sculpin (Myoxocephalus scorpius) 28 were used to generate spatio-temporal maps to portray and quantify motility patterns. 29
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Propagating and non-propagating contractions were observed to occur at different 30 frequencies and durations. The most apparent difference between the feeding states 31
was that bands of relatively high amplitude contractions propagating slowly in the 32 anal direction were observed in all fasted fish (n=10) but only 35% of the fed fish 33 (n=11). Additionally, fed fish displayed a reduced frequency (0.21±0.03 vs. 0.32±0.06 34 contractions per minute) and rhythmicity of these contractions compared to fasted 35 fish. Although the underlying mechanisms of these slow anally-propagating 36 contractions differ from mammalian MMCs, we believe that they may play a similar 37 role in shorthorn sculpin during the interdigestive period, to potentially remove food 38 remnants and prevent the establishment of pathogens. "Ripples" were the most 39 prevalent contraction type in shorthorn sculpin and may be important during mixing 40 and absorption. Persistence of shallow ripples and pendular movements of 41 longitudinal muscle after TTX (1 µM) treatment suggests these contractions were 42 myogenic in origin. The present study highlights both similarities and differences in 43 motility patterns between shorthorn sculpin and other vertebrates, as well as providing 44 visualize and quantitatively describe complex motility patterns, as they allow 117 identification of a range of different contraction types as well as their respective 118 spatial (regional distribution) and temporal (frequency, duration, speed etc.) 119 characteristics. Hence, the aim of the present study was to use video recordings and 120 ST maps to describe motility patterns in the proximal intestine of anaesthetized adult 121 fish. Secondly, we investigated whether differences occur between interdigestive 122 (fasted) and postprandial (fed) motility patterns in shorthorn sculpin. were discerned: ripples, slow anally-propagating contractions, long duration orally-132 propagating contractions, standing contractions and longitudinal contractions (Fig. 1) . 133
Only fish with stable heart rate and blood flow values throughout the entire 134 experimental period were included in the analysis (fasted: 10/12; fed: 11/13). The 135 average heart rate (31.5±2.5 beats min (visualized as dark matter contrasted to the lighter coloured intestine). In either group, 141 average diameter decreased from the oral to the anal end of the proximal intestine 142 (fasted: 5.7 to 2.9 mm, fed: 6.4 to 3.8 mm). Figure 2B shows the proportion of time 143
(prevalence) any region of the proximal intestine was at a particular state of 144 contraction. A best-fit gaussian curve was compared to the data to estimate the 145 standard deviation (SD) of the diameter changes. There was no significant difference 146 (t: 0.492; df: 19; p: 0.628) in the standard deviation of diameter changes between 147 fasted (0.28±0.04 mm) and fed fish (0.26±0.04 mm), meaning both groups displayed 148 similar proportions of large and small contractions. However, clear differences in the 149 overall motility patterns were observed between fasted and fed shorthorn sculpin. 150
151

Ripples 152
The most ubiquitous propagating contractions in both fasted and fed shorthorn sculpin 153 were rhythmic, shallow circular muscle contractions (Fig. 1A) , which based on their 154 appearance will subsequently be referred to as 'ripples' (D' Antona et al., 2001) . 155
Ripples were observed, albeit with some variability of prevalence, in all of the fish 156 studied. The contractions were highly rhythmic in most individuals, although periods 157 with distinct contractions were often interspersed with periods of weaker activity, in 158 which the frequency and amplitude of contractions were substantially lower (Figs. 1A, 159 6B, 6D). This waxing and waning varied substantially between individuals. 160
Figures 3 and 4 show a range of motility parameters for ripples. The ripples 161 were shallow, with the majority (>75%) having an amplitude equal to or less than a 162 15% decrease in the average diameter at the point where the contraction occurred 163 (Fig. 3A) . During periods of distinct and rhythmic contractions, the time intervals 164 between successive ripples were fairly constant, ranging from 20 to 30 s (Fig. 3B) . 165
Initiation of ripples was not restricted to a specific region of the gut, but could occur 166 throughout the proximal intestine (Fig. 4A ). However, a significantly (p=0.002, 167 t=3.552, df=19) higher proportion of ripples were initiated in the first half of the 168 proximal intestine in fasted (mean: 75±6%) compared to fed (mean: 42±7%) fish. 169
Approximately 95% of ripples propagated in a retrograde direction (Fig. 4B) , which 170 combined with the location of initiation sites resulted in a bias for the prevalence of 171 ripples to be greater in the oral half of the proximal intestine in both treatments (Fig.  172   4C ). Median velocity of ripple propagation was similar in fasted (3.3 cm min -1 ) and 173 fed (3.9 cm min -1 ) fish (Fig. 4D) . The majority of the ripples (∼90%) propagated a 174 distance of less than 30% of the length of the proximal intestine (median distances: 18 175 and 17% in fasted and fed fish respectively, Fig. 4E ) and with an average duration of 176 less than 25 s (median: 12 and 10 s respectively, Fig. 4F ). 177
178
Slow anally-propagating contractions 179 were more prolonged, circular muscle contractions, which slowly propagated in an 181 anterograde direction over a large proportion of the proximal intestine (Fig. 1A, 1D ). 182
Compared with ripples, these contractions were on average 3-4 times slower in 183 both fasted (median velocity: 1.0 cm min -1 ) and fed (median velocity: 0.9 cm min -1 ) 184 fish (Fig. 5A) . Furthermore, they propagated on average 2-3 times further (mean: 185 56±3% and 46±4% of the section in fasted and fed fish respectively, Fig 5B) and had 186 contraction durations of ∼10 times longer than ripples (mean: 129±19 s and 115±14 s 187 in fasted and fed fish respectively, Fig. 5C ). As in ripples, there were multiple 188 initiation sites for slow anally-propagating contractions and a significantly (p=0.032, 189 t=2.427, df=12) higher proportion were initiated in the first half of the proximal 190 intestine in fasted (mean: 82±8% of contractions) compared to fed (mean: 47±12% of 191 contractions) fish (Fig. 5D) . 192
Similar to ripples, slowly propagating contractions were relatively rhythmic 193 but periods of interruptions were not uncommon. For the majority of contractions, the 194 time between successive contractions ranged between 80 and 160 s (Fig. 5E ). The 195 mean amplitude of the contractions was on average three times greater than ripples, 196 resulting in an average decrease in the diameter of the proximal intestine of 31±1% 197 and 33±1% for fasted and fed fish respectively (Fig. 5F ). However, there was some 198 variation between and within individual fish. Almost two thirds of these propagating 199 contractions were of medium amplitude (between 20 and 40% decrease in resting 200 diameter), while low amplitude (<20% decrease in resting diameter) and high 201 amplitude contractions (>40% decrease in resting diameter) each composed 202 approximately 20% of these contractions. As these contractions propagated anally 203 they were observed to enhance the amplitude of ripples. This effect varied depending 204 on the amplitude of slow anally-propagating contractions: low amplitude contractions 205 barely modulated the amplitude of underlying ripples, medium amplitude contractions 206 had a mixture of sustained or nearly sustained contraction at the leading edge and 207 ripples appeared more intensely, and high amplitude contractions had a sustained 208 contraction and underlying ripples could no longer be observed (Fig. 6) . 209
210
Long duration, orally propagating and standing contractions 211 fed). In contrast to ripples and slow anally-propagating contractions, they were 213 relatively rare and without any apparent rhythmicity when present. They propagated 214 orally over a large proportion (median: 60% of the section) of the proximal intestine 215 (Fig. 1C) . The mean amplitude of these contractions was relatively similar to that of 216 slow anally-propagating contractions with an average decrease in the diameter of the 217 proximal intestine of 26±1%. The contractions propagated at an intermediate velocity 218
(median: ∼1.8 cm min 
Longitudinal contractions 232
In addition to the circular muscle contractions, rhythmic pendular contractions of the 233 longitudinal muscle were observed in all of the preparations and were visible as 234 oscillating lines in ST maps due to a side-to-side movement of the proximal intestine 235 (Fig. 1D) . As observed from the ST maps, larger longitudinal displacements tended to 236 occur at the same time as slow anally-propagating contractions, whereas in the 237 absence of such contractions the longitudinal contractions were much smaller. As we 238 did not specifically mark points along the intestine, quantifying longitudinal 239 movements was unreliable. 240
241
Effects of feeding on motility patterns 242
Although most of the contraction types could be seen in both fed and fasted fish, the 243 frequencies differed, resulting in clearly different overall motility patterns between the 244 groups ( Fig. 6) In contrast, feeding increased the frequency of standing contractions. These 265 were observed in all fed (11 out of 11) shorthorn sculpin but only in 6 out of 10 fasted 266 fish. Furthermore, fed fish had a median frequency of standing contractions of 0.10 267 cpm, which was significantly higher (Mann-Whitney U=15.5, z=-2.805, p=0.005) 268 than fasted fish (0.02 cpm). 269
Ripples occurred at an average frequency of ~1-2 cpm in both fasted and fed 270 fish and no significant difference was observed in either retrograde or anterograde 271
propagating ripples (Mann-Whitney U=45.00, z=-0.704, p=0.481). However, as 272 already noted, feeding resulted in more variation in distribution of initiation sites. As 273 mentioned above, long duration orally propagating contractions were relatively rare. 274
In fish displaying this contraction type, the frequency was low (0.1 cpm) and did not 275 differ between treatments (p=0.825, t=0.234, df=5). 276
277
Effects of TTX on motility patterns 278
The addition of TTX (1 µM) resulted in altered motility patterns in both fasted and 279 fed fish (Fig. 7) . This was most apparent in fed fish where the irregular activity, 280 normally present, disappeared. 281
Overall, it was also apparent that ripples persisted after the addition of TTX 282 and in most cases (6 out of 8 fish) increased in frequency throughout the proximal 283 intestine as seen by a reduction in the average interval between successive ripples 284 (Table 1 ). In contrast, the amplitude of ripples decreased in response to TTX (Table  285 1). Furthermore, TTX increased the proportion of anterograde (oral-anal) propagating 286
ripples from approximately 5% to greater than 40%, while propagation distance, 287 duration of contractions, initiation sites and velocity were not significantly altered 288 (Table 1) . 289
Slow anally-propagating contractions were present in all fasted (n=4) and 2 290 fed fish prior to the addition of TTX. In fasted fish, these contractions were still 291 1971). However, average heart rates of anaesthetized sculpin during the experimental 334 period (31.5 ± 2.5 beats min -1 ) were similar to those found in free-swimming 335 shorthorn sculpin (33.9 ± 1.5 beats min -1 ) at similar temperatures (Gräns et al., 2013) . 336
As well as stable heart rates, cardiac output also remained relatively stable throughout 337 the experiment, suggesting that the dose of MS222 was at a sufficient level to 338 maintain anaesthesia whilst not significantly impacting cardiovascular performance. showed differences between feeding states, with an increased EEA occurring 345 postprandially. As electrical measurements are an indirect way to measure muscular 346 contractions, this suggests that contractile activity increases postprandially. In 347 contrast, the analysis of prevalence in this study showed that the two groups displayed 348 similar degrees of contractile activity, but instead there were significant differences in 349 the patterning of motility between fasted and fed fish. (Fig. 8A) . 529
Relative blood flow and heart rate were monitored throughout the experiment 530 to ensure fish were sufficiently anaesthetized and healthy (Fig. 8B) . This was 531 achieved by making a small skin incision on the left side of the fish under the 532 operculum to expose the ventral aorta, and a 20 MHz Doppler flow crystal (Iowa 533 Doppler products, Iowa City, IA, USA) mounted in 1.6-2.3 mm cuffs (depending on 534 size of fish) was placed on the ventral aorta adjacent to the bulbus arteriosus. The lead 535 from the Doppler flow probe was connected to a directional-pulsed Doppler 536 flowmeter (model 545C-4, Iowa Doppler products), which in turn was connected to a 537 PowerLab 8/30 system (ADInstruments, Castle Hill, Australia). Data was collected on 538 a PC using ADInstruments acquisition software Chart TM 5 Pro v5.5.5, at a sampling 539 rate of 1 kHz. 'Pre-operative' heart rate and relative blood flow of anaesthetized fish 540 was measured for 15-20 minutes prior to accessing the proximal intestine. If heart rate 541 or relative blood flow values decreased more than 30% of 'pre-operative' values 542 during the experimental period then the fish was excluded. 543
To access the proximal intestine, a mid-ventral incision was made 10 mm 544 anterior of the anus to 10 mm caudal of the pectoral fins. Depending on the size of the 545 fish, approximately 25-55 mm of proximal intestine, beginning just after the pyloricgently teased from the mid-ventral incision and placed in a modified Petri dish with 548 black Sylgard forming the bottom layer (Fig. 8C) . The proximal intestine was 549 submerged with re-circulating shorthorn sculpin Ringer's solution (206 mM NaCl, 81 550 mM KCl, 2 mM CaCl 2. 2H 2 O, 1 mM MgCl 2 .6H 2 O, 1 mM NaH 2 PO 4 .2H 2 O, 551 Na 2 HPO 4 .2H 2 O, pH 7.45) bubbled with air at 10ºC. Translucence of the proximal 552 intestine made it possible to ensure whether food contents were present or absent in 553 the proximal intestine of fed and fasted fish respectively. The intestine was held in 554 place by guiding it around a large pin positioned in the area where the intestine forms 555 a U-bend (approximately one-third of total length of intestine). Care was taken not to 556 twist, restrict, or damage any blood vessels or nerves during this process. A piece of 557 black cotton was placed over the mesentery and middle intestine, with fibre-optic 558 lights strategically placed to ensure optimum contrast between the background and 559 proximal intestine. The exposed peritoneal cavity was covered with chamois cloth 560 saturated in Ringer's solution and the fish was left undisturbed for 1 hour before video 561 recording commenced. 562
563
Image recording and experimental protocol 564
A calibration bar (25 mm) was placed in the field of view as a spatial reference. 565
Images were captured using a DMK31AF03 monochrome, FireWire camera (The 566
Imaging Source, Putzbrunn, Germany). Resolution was 1024x768 pixels; 567 corresponding to a field of view at the magnification used of 54x39 mm. Video 568 recordings consisted of three successive 30-minute long (6750 frames at 3.75 frames 569 per second) videos. During this time, fish were left undisturbed and temperature of 570 both the Ringer's solution submerging the intestine, and water irrigating the gills was 571 maintained at 10ºC. During a preliminary pilot study, we observed that preparations 572 remained viable for lengthy periods of time (>5 hours) and that 90 minutes of video 573 recording was sufficient to collect a sample representative of motility patterns found 574 within individual fish. 575
After 90 minutes of video recording in the conditions mentioned above, four 576 fasted and fed fish were exposed to tetrodotoxin (TTX) to examine the involvement of 577 neural activity in the generation of intestinal motor patterns. TTX was added to the 578 Ringer's solution to achieve a final concentration of 1 µM, and fish were left 579 undisturbed for 15 minutes. This was to allow the neurotoxin sufficient time to affectthe proximal intestine before a 30-minute long video was subsequently recorded for 581 each fish. At the end of the experimental period, fish were euthanized by an overdose 582 of anaesthetic. 583 584
Spatio-temporal map (ST map) construction 585
ST maps were constructed from video footage and allowed us to examine the type, 586 speed, amplitude, direction, frequency and distribution of contractions in the intestine. 587
ST maps display changes in diameter of the intestine over time. The first frame of 588 each movie was imported into Volumetry G8a (author: GWH) where a cropping mask 589 was drawn over the intestine. Movies were imported and calibrated for distance and 590 time. Distance along the proximal intestine was normalized for each fish to 100% (i.e. 591 distance along section/total length of section). This allowed us to compare different 592 regions of the proximal intestine in fish with varying lengths of proximal intestine. A 593 threshold was manually selected that outlined the intestine (Fig 9A) . Background 594 particles (such as air bubbles) were removed using a small particle filter (< 1000 595 pixels). A region of interest (ROI) was then drawn around the intestine and edge 596 tracking routines employed to identify upper and lower edges of the intestine (Fig.  597   9B ). Stub filtering was used in some experiments to remove any abrupt edge 598 deflections caused by surface irregularities or overlap with background particles (∆ 599 slope > 0.5). The distance between the upper and lower edge of the intestine was 600 calculated for each pixel along the intestine and colour coded using a 16-bit grayscale. 601
The smallest recorded diameter (i.e. fully contracted) was coded as black and the 602 largest diameter (i.e. dilated or distended) as white. Each video frame produced a 603 single row of pixels, corresponding to the diameter of each point along the preparation 604 (Fig. 9C) . Average diameter during the recorded period (30 minutes) was calculated 605 and subtracted from each point along the intestine for every video frame. The 606 resulting average background subtracted map had units of ∆ mm from the average 607 diameter (∆ mm; Fig. 9D ). To represent the outline of the exteriorized segment of 608 proximal intestine during the recording period, a frequency plot of the position of the 609 intestinal edges was made, with frequency encoded as a greyscale (Fig. 9D) . Pure 610 black represents an edge remaining over the same pixel for >5 minutes. 611
612
Analysis of contractions from ST maps 613
analysis. Firstly a gaussian blur was used to smooth the image (radius = 15, SD = 1.5), 615 then an aggregate of series of differential filters were used to identify the position of 616 the peak contraction (5-15 pixels). A threshold was applied to outline contractions (∆ 617 diameter = ~0.2 mm) and then a particle analysis routine was used to create ST 618 objects (particles separated by 4 or less pixels stitched together). Different criteria 619
were then used (see below) to identify particular types of contractions. 620 'Ripples' were best isolated using a minimum size criterion followed by a 621 linearity coefficient cutoff (r 2 > 0.8, Fig. 9E ). The midpoint in time along the ST 622 object was located to create a single pixel wide refined filament representing the 623 position of the peak contraction (min diameter) point (Fig. 9F) . Slow anally-propagating contractions were isolated manually by placing lines 636 over the wave front edge, from which the site of initiation, distance travelled, velocity 637 and interval between contractions were calculated from the line (Fig. 9G) . Minimum 638 diameters and amplitudes were determined in a ± 5 s range for these contractions. 639
Long cyclical periods of activity were determined manually allowing calculation of 640 the duration and interval between these events. 641
A measure of the overall contractile activity of the intestine was calculated by 642 creating a histogram of the percentage of the ST map in which the intestine was at a 643 particular diameter value. The resulting histograms were gaussian in nature and a 644 best-fit gaussian curve was calculated to estimate the standard deviation (SD) of the 645 diameter changes (mean = ~0 due to average diameter background subtraction). Thelarger the SD, the greater the range of diameters experienced during the recording 647 period (Fig. 9H) . 648
649
Statistical analysis 650
All variables were calculated from the entire 90-minute experimental period for each 651 fasted and fed fish. However, to examine the effects of TTX on motility patterns, 652 variables were only calculated from the 30-minute experimental period directly before 653
and after the addition of TTX. Data is presented as either average±s.e.m or median 654 depending on the shape of the distribution. Statistical analyses were performed with 655 IBM SPSS Statistics 21 (IBM SPSS, New York, USA). Data was assessed for 656 normality (Shapiro-Wilk >0.05) and homogeneity of variance (Levene's test >0.05). 657
If data was normally distributed an independent t-test (to determine significant 658 differences in motility patterns between fasting and fed fish) or dependent t-test (to 659 determine significant effects of TTX on motility patterns) was used, whereas, if data 660
was not normally distributed a Mann-Whitney U test was used. To determine whether 661 feeding state (fasted or fed) was associated with slow anally-propagating contractions 662 (presence/absence) a Chi-square test for association was carried out. The Phi measure 663 was used to determine the strength of the association between these two categorical 664 variables. Differences where p<0.05 were regarded as statistically significant. 
